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Abstract
Non-coding RNA sequences play a great role in controlling a number of cellular functions, thus
raising the need to understand their complex conformational dynamics in quantitative detail. In this
perspective, we first show that single molecule pulling experiments when combined with with theory
and simulations can be used to quantitatively explore the folding landscape of nucleic acid hairpins,
and riboswitches with tertiary interactions. Applications to riboswitches, which are non-coding RNA
elements that control gene expression by undergoing dynamical conformational changes in response to
binding of metabolites, lead to an organization principle that assembly of RNA is determined by the
stability of isolated helices. We also point out the limitations of single molecule pulling experiments,
with molecular extension as the only accessible parameter, in extracting key parameters of the folding
landscapes of RNA molecules.
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Ever since the pioneering discovery that RNA molecules can act as enzymes an increas-
ing repertoire of functions have been associated with these bewilderingly complex biological
molecules [1]. Even the ribosome that helps in protein synthesis can be legitimately considered
to be a ribozyme (RNA enzyme) because the peptidyl transfer center, the site at which the pep-
tide bond is formed, is devoid of proteins [2]. More recently, it has been discovered that RNA
interference, involving small interference RNA and micro RNA, plays a vital role in post tran-
scriptional gene regulation [3]. The finding that riboswitches [4, 5], a class of RNA molecules,
can by themselves control gene expression, without the participation of proteins, further under-
scores the important role RNA plays in key cellular functions. In a majority of these examples
folding and conformational changes associated with RNA molecules are at the center stage.
RNA folding is considerably more complicated than the better studied protein folding for
a number of reasons [6]. First, the building blocks of RNA (A, U, G, and C) are chemically
similar except for the size and shapes of the bases. As a consequence, RNA molecules are closer
to homopolymers than proteins. Second, only about 50% of nucleotides in RNA form Watson-
Crick base pairs (A-U and G-C) whereas the remaining nucleotides are in bulges, loops, and
other architectures [7]. Finally, the highly charged nature of the phosphate groups, which makes
RNA a polyelectrolyte, implies that folding to a compact structure cannot take place without
the presence of counterions [8]. Some of these aspects are reflected in the stability gap (the
difference in the free energies of the native and low-lying structures) for RNA being not as large
as it is in proteins [6, 9]. Thus, during the folding process RNA can readily adopt alternate
folds, which although makes possible the extraordinary range of functions that are associated
with RNA, also makes the study of their folding complicated.
The complexity of RNA folding is succinctly summarized using the Kinetic Partitioning
Mechanism (KPM) according to which a pool of unfolded molecules partitions into two distinct
populations [10] that reach the Native Basin of Attraction (NBA) by vastly different time scales
under folding conditions. A fraction, Φ of unfolded molecules, folds rapidly to the NBA while
the remaining fraction (1−Φ) is kinetically trapped in multiple competing basins of attraction
(CBAs) (Fig. 1a). Transitions from the CBAs to the NBA, which occur by partial or global
unfolding of the conformations in the CBAs [11] could take minutes or longer as shown exper-
imentally for the well studied Tetrahymena ribozyme with Φ ≈ 0.1 [11, 12]. More recently,
temperature jump experiments of RNA pseudoknots [13] show that the KPM quantitatively
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describes their folding.
Although global folding of RNA molecules is well understood the details of the underlying
folding landscape are only starting to emerge thanks in part to advances in single molecule
pulling Laser Optical Tweezers (LOT) experiments [14]. In LOT experiments the ends of
RNA of interest are tethered to handles (DNA or hybrid DNA/RNA), which are themselves
attached to spherical beads that are localized by laser traps (Fig. 1b). Mechanical force can
be transmitted to RNA by moving one of the beads at a constant loading rate, rf = ktrapv,
(ktrap is the force constant associated with the harmonic trap potential and v is the pulling
velocity). In this mode, the experiments yield force as a function of extension, R, of the RNA
(Fig. 1c) referred to as force-extension curves (FECs) [15, 16]. The FECs could be used to
infer the order in which the structural elements are ruptured as the force is increased [16].
Alternatively, constant f , applied to the ends of RNA by a suitable feedback techniques, could
be used to generate mechanical folding trajectories expressed, which yield, Rsys(t) (Fig. 1b)
projected along the force axis as a function of time, t (Fig. 1d provides a sample trajectory for
a DNA hairpin [17]). In analyzing the Rsys(t) data to obtain equilibrium free energy profile
F (R) as a function of R (Fig. 1b for the difference between R and Rsys) a few assumptions are
made: (i) Transverse fluctuations at the applied forces are negligible. (ii) Dynamics of Rsys(t)
mirrors R(t). (iii) The system of interest ergodically samples the conformational space on the
observation time scale so that the extracted F (R) from R(t) by appropriate deconvolution
methods are the equilibrium profiles. Despite the restriction that LOT experiments only
provide one dimensional F (R) they have given insights into folding of RNA at the single
molecule level. In this perspective we show that simulations based on coarse-grained models
[18, 19] of RNA hairpin and riboswitches, experimental data, and theoretical considerations
can be combined to extract some key aspects of the folding landscapes and dynamics. Our
purpose here is not to merely compare theoretical predictions and experiments but rather show
both the successes and ultimately the challenges that need to be overcome in order to realize
the potential of the ideas, methods, and concepts sketched here.
Complexity of RNA hairpin formation. RNA hairpins are the simplest but the most
ubiquitous motifs that form the building blocks of higher order structures. A substantial ener-
getic contribution to the folded states of RNA comes from base pairings, the majority of which
3
participate in forming stem-loop structures, namely hairpins. For over four decades considerable
effort has been made to study the thermodynamics and kinetics of the folding of simple RNA
hairpins by using ensemble measurements, initiated by temperature (T ) jump [20–24]. These
experiments showed that generically RNA hairpins fold in an approximate two-state manner
with a time constant of about 10µs. Recent high resolution ensemble experiments [25, 26] and
single-molecule pulling experiments [15, 27] have shown that hairpin formation could be more
complex than previously thought. Single molecule force measurements of RNA hairpin dynam-
ics using LOT, pioneered by Liphardt et al. [15], showed that a single RNA hairpin undergoes
reversible folding and unfolding transitions in a narrow range of f values (13 − 15 pN). The
trajectory measuring the time-dependent changes in the extension, R(t), jumps predominantly
between two values one corresponding to the folded state and the other to the unfolded state. To
a first approximation, such folding trajectories could be analyzed using an apparent two-state
model, just as in the classic T -jump experiments.
A long single time trace of RNA hairpin generated in LOT experiments is sufficient to extract
both the thermodynamic and kinetic features of hairpin dynamics as long as it is assured that
the RNA molecule ergodically samples its conformational space [15, 28]. By using the average
dwell times of RNA in the folded (small values of R(t)) and unfolded states (large values of R(t))
as a function of f the equilibrium constant between the two states, Keq(f) = τU(f)/τF (f), has
been directly measured. Extrapolation of the measurements to f = 0 showed that the extracted
stability values of P5ab and P5abc, the core secondary elements of the P4-P6 domain of the
Tetrahymena ribozyme, are consistent with those from bulk measurement (Keq(f → 0) ≈ Koeq)
[15], thus reinforcing the two state model for folding thermodynamics of generic RNA hairpins.
A more detailed view of RNA hairpin thermodynamics was provided using realistic simulations
[29], which obtained the equilibrium phase diagram of a 22-nt RNA hairpin as a function of
f and T (Fig.2a). The phase diagram also revealed that there are predominantly only two
states although this study provided hints of fine structure in the phase diagram. The two
states are separated by a first order phase coexistence line expressed in terms of a set of critical
points (Tm, fm) [29, 30]. Thus, from a thermodynamic perspective it appears that the phase
diagram of a RNA hairpin in the T and f variables could be approximated as a two-state system.
Where folding starts matters. The two-state model for RNA hairpins hides the complex
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dynamics of the RNA hairpin, which have been recently revealed using realistic simulations by
varying f and T [30], and by advances in experimental methods [31]. In addition, recent T -
jump kinetic experiments showed hairpins form in multiple steps [25, 26], which challenges the
conventional notion that small nucleic acid hairpins could be modeled using only two states. The
structural origin of the complexity is due to the link between the establishment of local base-
pairs and the global hairpin formation, which were clearly demonstrated using coarse-grained
simulations [29, 32] and detailed all atom models [33, 34]. Hyeon and Thirumalai showed that
the folding landscape hairpins formation requires at least two reaction coordinates [30, 35].
Besides R, a collective variable describing the average deviation of loop dihedral angles from
the native value is needed. Two-dimensional free energy surface at f = fm ≈ 0 and T = Tm,
calculated using these variables shows that the folding landscape of even a simple RNA hairpin
is rugged, (especially at high Tm and low fm) explaining the observed complex kinetics [25, 26].
The complexity of the kinetics of RNA hairpin formation is evident when folding is initiated
from different parts of the landscape, which can be achieved by preparing the initial confor-
mations by T -jump or by using high stretching forces. Remarkably, the refolding pathways of
hairpin formation from a fully stretched initial state upon f -quench are distinct from the folding
pathways observed in T -quench refolding (Fig.2b). The initial conformations of RNA hairpin
under high tension are fully stretched and are structurally homogeneous. The various confor-
mations largely differ in the internal degrees of freedom while the overall end-to-end distance is
large, resulting in substantial deviations of the conformation of the tetra loop from the native
structure. Thus, the first step in the hairpin formation from the initially stretched conformations
is the tetra-loop formation, corresponding to the slow nucleation (IfSL state in Fig. 2b) stage.
The high entropic cost to establish the correct loop dihedral angles makes the loop formation
dynamics unusually slow. Subsequent to the nucleation step the zipping of remaining base pairs
leads to rapid hairpin formation. Thus, hairpin forms by the classic mechanism (establishment
of base pair contact near the loop followed by a zipping process) when folding is initiated by
f-quench (Fig 2b).
In contrast, upon T -quench, refolding commences from a broad thermal ensemble of unfolded
conformations (Fig. 2b). As a result, nucleation can originate from regions other than near the
tetra-loop (IfSL, I
T
SL, and ILL states in Fig. 2b). Consequently, the pathway diversity is greater
when hairpin formation is initiated by T -quench rather than f-quench. The differences in the
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folding mechanism between these two methods to trigger hairpin formation are entirely due to
the variations in the initial conformations. Exploring the details of the heterogeneous kinetics
requires multiple probes that control the conformations of the ensemble of unfolded states. Our
studies also showed that the complexity of energy landscape observed in ribozyme experiments
is already reflected in the formation of simple RNA hairpins.
Folding landscapes from pulling experiments. Besides yielding stability and hopping
rates between various states, single-molecule pulling experiments have been used to obtain one-
dimensional free energy profiles as a function of R. It should be noted that the only directly
measurable quantity in LOT experiments are the time dependent changes in the distance between
the beads, Rsys(t) (Fig. 1b), at a fixed f . What is of interest, however, is the free energy profile,
F (R) as a function of R. The complicated problem of going from Rsys(t) to P (R), the probability
that the extension is between R and R + dR by accounting for fluctuations of the semi-flexible
polymer handles and bead motions has been solved using a number of ad hoc [27] and precise
theoretical methods [36]. Assuming that P (R) can be extracted from Rsys(t) the free energy
profile can be computed using F (R) = −kBT lnP (R). For approximate two-state systems, as is
the case in P5GA hairpin [28, 37] or DNA hairpins [14, 17], F (R) has two dominant minima
separated by a single barrier located at R = RTS (Fig. 3). At the transition mid-force f = fm,
the probability of residing in the two basins of attraction should be identical (Fig. 3a), implying∫ RTS
0
e−βFm(R)dR =
∫∞
RTS
e−βFm(R)dR. Alternatively, fm can also be measured by equating the
average dwell times in the NBA and UBA τF = τU [15, 38, 39]. Accurate F (R) profiles give
estimates of the free energy barrier, ∆F ‡ and RTS both of which are functions of f . The accuracy
of these estimates depend on the assumption that R is a good reaction coordinate and that no
information is lost in converting the measured folding trajectories (Rsys(t) as a function of t) to
F (R).
There are two limitations that prevent extraction of the complete shape of F (R). First,
the probability P (RTS) of reaching the transition state is small, making it difficult to obtain
data in the neighborhood of RTS. Second, the inferred profiles hide the possibility that there
is roughness (on the length scale corresponding to base pair rupture) superimposed on the
smooth F (R). These limitations were recently overcome in ingenious experiments on DNA
hairpins by La Porta and coworkers [31] who used a harmonic constraint to restrict R to
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arbitrary values for long enough times to collect excellent statistics so that reliable estimates
of P (R) could be made (Fig. 4a). This method, which is an experimental realization of
the popular umbrella sampling used in computer simulations to obtain potentials of mean
force, revealed fine structure in F (R) for DNA hairpins. The superimposed fine structure
on previously inferred smooth profiles perhaps reflects the rupture of base pairs (Fig. 4a),
which manifests itself as ”roughness” in the folding landscape. More importantly, this study
showed that RTS and the width of the transition region (see below on the potential relevance
of RTS) at a given f can be directly inferred from measurement. It would be of great inter-
est to apply this unique experimental method to study RNA molecules with tertiary interactions.
Hopping rates and free energy profiles. What is the utility of F (R) for biomolecules if
the goal is obtain the thermodynamics and kinetics at zero or low forces in the absence of handles
and beads? Although this question has not been fully answered several groups routinely use the
measured F (R) and the hopping kinetics (between the folded and unfolded states in the case of
hairpin) at finite f to extract rates at f = 0 as well as the associated barrier heights (∆F ‡)s by
assuming that R is an excellent reaction coordinate [17, 40]. Because independent measurements
of the absolute values of the ∆F ‡ are difficult to make the reliability of the extracted values
cannot be easily assessed. Two computational studies, using RNA hairpin and riboswitches as
illustrations, have shown the potential utility of one dimensional folding landscapes in obtaining
accurate rates over a narrow range of forces close to fm [37, 41]. In these examples, the intrinsic
rates can be independently calculated using the trajectories generated in the full dimensional
landscape, thus allowing for a quantitative comparison with results obtained from the projected
F (R). It is now firmly established that accurate F (R) can be obtained by attaching handles
that are stiff [17, 28, 35], implying that the ratio L/lp (L and lp are the contour length and
the persistence length of the handles, respectively) should be as small as possible. If F (R, f)
at f = fm is known accurately then the profiles at arbitrary values of f may be obtained using
the Zhurkov-Bell relation [42, 43] F (R, f) = F (R, fm) − (f − fm)R. If R is a good reaction
coordinate (all other coordinates have equilibrated on time scales less that the hopping times
so that the slow dynamics occurs on F (R)) then the hairpin formation time can be calculated
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using standard mean first passage time formalism,
k(f)−1 =
1
DU→F
∫ RU
RF
dxeβF (x)
∫ ∞
x
dye−βF (y) (1)
provided that the diffusion coefficient for transition from U → F is known. For the P5GA
hairpin, we showed that this method gives reliable results for hopping rates over a range of f
around fm provided that the diffusion coefficient is calibrated by equating the theoretically
calculated time at fm to the simulated value [28]. It might be tempting to use our method for
obtaining rates at f = 0 but this would not be justified a priori.
Molecular tensegrity and the transition state. Another parameter that is extracted
from F (R) or suitable fits to f -dependent hopping rates is the location of the transition state,
RTS, which in principle moves as f changes [35]. For RTS, associated with the barrier top of
F (R) at f = fm, to be considered the ”true” transition state, it is necessary to ensure that it
is consistent with other conventional definitions of the transition state ensemble. A plausible
definition of the TS is that the forward (to the unfolded state, Punfold) and backward (to the
folded state, Pfold) fluxes starting from the transition state on the reaction coordinate should be
identical [44]. For the hairpin it means that if an ensemble of structures were created starting
at RTS then the dynamics in the full multidimensional space would result in these structures
reaching the folded and unfolded states with equal probability. The number of events reaching
RF and RU starting from RTS can be directly counted if folding trajectories with high temporal
resolution exhibiting multiple folding and unfolding transitions at f = fm can be generated
(Fig. 3a). Our coarse-grained simulations, which are the first to assess the goodness of RTS as a
descriptor of the TS, showed that starting from RTS the hairpin crosses the TS region multiple
times before reaching R = RF or RU , suggesting that the TS region is broad and heterogeneous.
The transition dynamics of biopolymers occurs on a bumpy folding landscape with fine structure
even in the TS region, which implies there is an internal coordinate determining the fate of
trajectory projected onto the R-coordinate. In accord with this inference we showed that for
the P5GA hairpin the TS structural ensemble is heterogeneous (Fig. 3b). More pertinently,
the forward and backward fluxes starting from the structure in TS ensemble (see the dynamics
of trajectories starting from RTS in Fig. 3b) do not satisfy the equal flux condition, Pfold =
Punfold = 0.5. Thus, from a strict perspective R for a simple hairpin may not be a good
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reaction coordinate, even under tension implying that R is unlikely to be an appropriate reaction
coordinate at f ≈ 0.
Based on simulations Morrison et al. [45] proposed a fairly general theoretical criterion
to determine if R could be a suitable reaction coordinate. The theory uses the concept of
tensegrity (tensional integrity), which was introduced by Fuller and developed in the context
of biology to describe stability of networks. The notion of tensegrity has been used to
account for cellular structures [46] and more recently for the stability of globular proteins
[47], the latter of which made an interesting estimate that the magnitude of inter-residue
precompression and pretension, associated with structural integrity, can be as large as a few
100 pN. Using F (R) the experimentally measurable molecular tensegrity parameter is defined
s ≡ fc/fm = ∆F ‡(fm)/fm∆R‡(fm), where ∆F ‡ = F (RTS) − F (RF ) and ∆R‡ = RTS − RF .
The molecular tensegrity parameter s represents a balance between the compression force (fm)
and the tensile force (fc), a building principle in tensegrity systems [48]. For hairpins such
stabilizing interactions are favorable base pair formation. In terms of s and the parameters
characterizing the one dimensional landscape (fm and ku in Fig. 3a) an analytic expression
for Punfold has been obtained [45]. For R to be a good reaction coordinate, it is required
that Punfold ≈ 12 . The theory has been applied to hairpins and multi-state proteins. Using
experimentally determinable values for s, one can assess whether R is a good reaction coordinate
by calculating Punfold using theory. Applications of the theory to DNA hairpins [45] show (Fig.
4b) that the precise sequence determines whether R can be reliably used as an appropriate
reaction coordinate, thus establishing the usefulness of the molecular tensegrity parameter.
Riboswitches under tension. Riboswitches are noncoding RNA elements that sense cel-
lular signals and regulate gene expression by binding target metabolites [4, 49]. They contain a
conserved aptamer domain, which can bind the metabolite, and a downstream expression plat-
form that controls transcription termination or translation initiation (Fig. 5a). Riboswitches
are involved in the control of both transcription and translation. Transcription termination oc-
curs when the downstream expression platform forms a hairpin, or a terminator stem, followed
by multi-U sequence, which results in weak interactions in the RNA-DNA hybrid, leading to
disengagement of the polymerase from the DNA template. For riboswitches controlling transla-
tion initiation, the downstream hairpin stem typically contains the Shine-Dalgarno sequence, the
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binding site of the ribosomal unit (Fig. 5b). Formation of the downstream hairpin, which involves
a switch in the conformation of the aptamer domain (compare ”ON” and ”OFF” schematics in
Fig. 5a), inhibits binding of ribosomal unit needed for translation initiation.
Formation or disruption of the downstream stem, which depends on whether metabolite is
bound or not, serves as a switch that controls gene expression. For riboswitches controlling
transcription termination, the time needed for metabolite binding is typically on the order of
seconds. For example, in purine-sensing riboswitches [50], one of the smallest riboswitches,
there are (40-80) nucleotides between the aptamer domain and the multi-U sequence. With
a typical transcription speed of (25-40) nucleotides per second, the time window is only (1-
3) s for the metabolite to bind and stabilize the folded aptamer domain in order to influence
transcription. On this time scale, riboswitches, with slow metabolite binding rates, would not
reach thermodynamic equilibrium before the terminator sequence is transcribed. Hence, in this
case gene expression is under kinetic control.
For riboswitches controlling translation initiation, folding influenced by metabolite binding
has to compete with the binding of the ribosomal unit to the expression platform (Fig. 5a).
The rate of switching between different folding patterns must be faster than the binding time
of the ribosomal unit for the riboswitch to function. In such riboswitches, gene expression
could be under thermodynamic control since the translation initiation can occur after transcrip-
tion is completed. The stability of the aptamer domain of riboswitches may have evolved to
accommodate diverse demands imposed by distinct aspects of gene expression.
Two different but structurally identical adenine-sensing riboswitches (Fig. 5b), pbuE and add
adenine (A) riboswitches, that have been studied using pulling experiments [51] and simulations
[41] show similar aptamer structure but control gene expression through different functions
[52–54]. Both pbuE and add A-riboswitches are on-switch riboswitches, but pbuE A-riboswitch
controls transcription termination while add A-riboswitch controls translation initiation. In
order to describe the functions of riboswitches it is important to understand the time scales
associated with the folding of the aptamer, and the conformational changes involving part
of the aptamer that forms the terminator hairpin by base pairing with the transcript in the
downstream expression platform. In other words, one needs to understand in quantitative
terms the folding landscape of the riboswitches in the presence and absence of metabolites so
that the transition rates to specific states can be obtained. Such detailed information is best
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obtained using single-molecule methods complemented by suitable theory.
Stability of helices determine f-induced unfolding of purine riboswitches. The
adenine riboswitch aptamer is a three-way junction formed from helix P1 and hairpins P2 and
P3 (Fig. 5b). The junction contains the binding pocket for adenine (Fig. 5b), which is stabilized
by tertiary interactions in the folded state. There is a kissing loop-loop interaction between
helices P2 and P3 (Fig. 5b), which is transient in the absence of metabolites, and is stabilized
only when the aptamer binds the ligand.
A single-molecule experiment first observed the hierarchical folding in the pbuE adenine
riboswitch aptamers [51] by measuring the extension of the riboswitch aptamer as a function
of f . In the absence of the metabolite, two clear steps in the change of contour lengths were
found, which were associated with the unfolding of helices P2 and P3. Because of the difference
in the lengths of the helices P2 and P3 (19 and 21 nucleotides, respectively), the order of
unfolding of the two helices could be unambiguously assigned. The measured folding landscape
shows (Fig. 6a) that helix P3 is ruptured before P2 in the pbuE A-riboswitch aptamer. With
metabolite bound, larger changes in contour lengths with larger forces were found, and unfolding
occurred in a single step. This is due to the stabilization of the folded aptamer structure by
the bound metabolite, which makes unfolding of helix P1 and the binding pocket the major free
energy barrier in the unfolding process. Fig. 6a shows that refolding from an initially unfolded
state occurs with the dominant pathway being order of P2→ P3→ P1.
A theoretical study of the add adenine riboswitch aptamer using a coarse-grained self-
organized polymer model also found multiple intermediate steps in the folding landscape of
the riboswitch aptamer [41]. In order to ascertain the folding mechanism, simulations were
performed by quenching the force from an initial high force to constant low forces. During the
folding process P3 forms first followed by P2, and finally the triple-helix junction and the helix
P1 form. The order of folding can be directly associated with the stability of individual helices
[41]. Indeed, the isolated P3 is more stable than P2 by about 1 kcal/mol as predicted by the
Vienna RNA package [55], thus explaining its early formation.
Remarkably, despite the structural similarity between pbuE and add A-riboswitch aptamers,
experiments show that P2 in pbuE unfolds last (Fig. 6a) and presumably is the first structural
element to refold. The organization principle that emerges is that assembly of RNA is largely
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determined by the stability of individual helices, which implies that in the pbuE riboswitch
aptamer, P2 ought to be more stable than P3. Indeed, the relative stability of P2/P3 is different
in the pbuE A-riboswitch aptamer. The predicted free energy for the secondary structure of P2
is smaller than that of P3 by 2 kcal/mol. The stability difference explains the reversed order of
the folding of P2 and P3 shown in the folding landscapes.
Our prediction for the folding landscape of add adenine riboswitch (Fig. 6b) was quan-
titatively validated in a recent single-molecule experiment on add A-riboswitch [56]. The
experiments showed that helix P1 in add A-riboswitches is more stable than that in pbuE
A-riboswitches. In pbuE A-riboswitches, helix P1 unfolds at forces as low as ∼ 3 pN without
metabolite being bound. [51]. In add A-riboswitches, forces ∼ 10 pN are needed to unfold
helix P1 [41, 56]. The folding landscapes of these two purine riboswitches, obtained from
experiments and simulations, show that the assembly of riboswitches is determined by the local
stability of the structural elements in these two purine riboswitch aptamers. The principle
linking folding mechanism to stability of individual helices is general and has been further
illustrated using folding of a number of psuedoknots [57] whose folding pathways could be
accurately predicted using the stability of the individual helices. It might appear that entropic
effects could become relevant when folding takes place spontaneously (in the absence of force),
thus invalidating the proposed organization principle. This is not the case as simulations have
explicitly demonstrated [57]. More importantly, the organization principle described here has
been used to quantitatively rationalize temperature jump experiments on RNA pseudoknots [13].
Transition rates between the network of connected states from add A-riboswitch.
Just as for RNA hairpins, the matrix of transition rates connecting the various states (F,
P2/P3, P3, and U in Fig. 6c) could be calculated using the free energy profile in Fig. 6b. The
f -dependent transition rate between any two states can be obtained from the time traces of
the extension, which would require generating a large number of folding trajectories at each
f . Alternatively, F (f,R) calculated from accurate estimates at one force could be used to
obtain the rates at other forces based upon the theory of mean first passage times (Eq. 1).
Following the procedure used for obtaining hopping rates for hairpins away from fm [28], we
calculated the diffusion coefficients (needed to obtain hopping rates between multiple states
of the riboswitch) by equating the transition rate calculated using Kramers theory to that
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obtained from time traces generated using simulations at a specified f . These effective diffusion
coefficients reflect collective processes associated with global folding of the riboswitch. Thus, we
expect that generically D ≈ σ2/τ0 where τ0 (≈ 10−6 sec) the prefactor in RNA folding [6, 58]. If
σ = 0.7nm, then the calculated value of D ≈ 104nm2/s, which is in reasonable agreement with
the numerical values needed for obtaining agreement between rates from simulations and from
free energy profiles [41]. Using the values of D the hopping rates between the various states in
add A-riboswitch were calculated over a range of forces using Eq. (1) with F (R, f) at one value
of f ! Comparison of rates obtained using F (R, f) and Eq. (1) and numerically exact results
obtained from simulations (Fg. 6c) is excellent. This might suggest that R may be a reasonable
reaction coordinate for describing riboswitch folding. However, when we assess if the location of
the barrier height describes the actual transition state ensemble for the F → P2/P3 transition
using the molecular tensegrity parameter it is found that Pfold deviates substantially from
0.5. Thus, it is unlikely that for complex structures such as riboswitches, and more generally
ribozymes, the pulling coordinate alone can describe the folding process.
Summary. Although fundamentally new insights into the folding of RNA have emerged
from subjecting them to tension there are many major unresolved questions, which will require
a combination of theory, simulations and experiments. Here are a few of them. (i) In the most
favorable circumstances the folding landscape and hopping rates can only be obtained at force
values at which RNA makes multiple transitions. Can these estimates be used to extrapolate
to zero force? (ii) Applications here demonstrate that extension is not always a good reaction
coordinate. If this is the case how can one profitably utilize the high quality folding trajectories
to map the network of connected states, which could be hidden in R but become transparent
in other auxiliary variables? (iii) Even if R is a good reaction coordinate it is unclear if the
extracted values for mean barrier heights at zero force are reliable? This issue is exacerbated
because in general one expects a distribution of barrier heights for RNA and proteins [59], and
hence the mean value may not be informative. In addition, independent measurements of the
absolute values of barrier heights are difficult thus making it hard to assess the accuracy of
estimates based on single-molecule folding trajectories. Only by resolving these issues the full
scope and power of single-molecule pulling experiments in biology can be realized.
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RRsys
f
exp(–FΔxf
‡/kBT), where Δxf
‡ is the distance
to the barrier from the folded state and kBT
is the thermal energy (16); an analogous expres-
sion holds for tu(F). Previously, the transition state
(TS) for folding a hairpin with an unpatterned
stem sequence was found to involve the formation
of 1 or 2 base pairs adjacent to the loop (13), re-
sulting in an energy barrier near the unfolded
state. In contrast, the barrier for the hairpin in
Fig. 1B lies much closer to the folded (Δxf
‡ =
5.4 ± 0.5 nm) than to the unfolded state (Δxu
‡ =
13 ± 1 nm), which implies that the TS requires
the formation of ~15 base pairs. This difference
in behavior is due to the particular sequence
selected for the hairpin: A contiguous block of
strong G:C base pairs placed near the base of an
A:T-rich stem moves the barrier nearer to the
folded state (Fig. 1B, inset).
We created a family of hairpins in which
the TS position was systematically manipu-
lated by moving the block of G:C base pairs
to various locations within the stem (table S1).
Determining the barrier location for each hairpin,
we found that the TS moved in concert with the
G:C block, always located at the edge of the
block nearest the loop (Fig. 1C and table S2).
The sum ofΔxf
‡ andΔxu
‡ agreed well with the
distance between folded and unfolded states
(Δx), as expected for a pure two-state system.
Measurements were in excellent agreement
with landscape model predictions (Fig. 1C).
We also created a family of hairpins where
the barrier position was fixed at the center of
the stem using a G:C block, but the barrier height
was altered by changing the overall stem G:C
content (table S1). State lifetimes measured at
F1/2 for each hairpin (17) varied by a factor of
~600 over the entire family (Fig. 1D and table
S2). Assuming Arrhenius behavior for the life-
times, t1/2 = t0exp(ΔG
‡
1/2/kBT), whereΔG
‡
1/2 is
the barrier height at F1/2 and t0
−1 is the attempt
rate at zero force, these results show that the
barrier height changed by 6.4 ± 0.7 kBT, match-
ing the variation predicted by the model, 6.9 ±
0.2 kBT. Altogether, the results of Fig. 1 confirm
the remarkable level of control afforded by this
system over the folding landscape: The TS can be
placed at will along the reaction coordinate and
its energy adjusted over a wide range simply by
manipulating the hairpin sequence.
Extension records such as those in Fig. 1B
and (10, 12, 13) have traditionally been inter-
preted in terms of two-state folding over a single
energy barrier. However, not all hairpin sequences
exhibit strict, two-state folding behavior. For
example, it was recently reported that the nominal
“folded state”may, in fact, consist of an ensemble
of states comprised of the folded state plus a series
of frayed states with one or more base pairs
unzipped (13).Moreover, short-lived intermediate
states may be present that are unobservable at the
available temporal resolution (18). Simple two-
state analysis ignores details of the trajectory
between folded and unfolded states because the
motion is taken to be instantaneous, and proper-
ties of the energy landscape are inferred only from
characteristics of the two states. To induce the
hairpin to spend more time between folded and
unfolded states, and to observe intermediate
properties during folding more clearly, we manip-
ulated the sequence to produce a local potential
well between the folded and unfolded states by
inserting a single T:T mismatch at various posi-
tions along the hairpin stem.
When the mismatch was placed at the seventh
base pair from the base of the stem, extension
records at F ≈ F1/2 revealed a shoulder on the
histogram peak at low extension (nominally, the
folded state), indicative of a third peak represent-
Fig. 1. (A) Cartoon of the experimental geometry, showing a DNA hairpin attached at each end to dsDNA
handles bound to two optically trapped beads (not to scale). (B) Extension record of a hairpin designed with
an energy barrier 6 bp from the base of the stem (sequence at right) displays two states, folded (F) and
unfolded (U). (C) Unfolding distanceDx (green) and distance to barrier from unfolded stateDx‡u (black) and
folded state Dx‡f (blue), as a function of the expected transition state location. Data (±SEM) agree well with
model predictions forDx (yellow),Dx‡u (red), andDx‡f (purple). (D) Lifetime of folded/unfolded states at F1/2
as a function of the expected barrier height. The lifetime rises exponentially with the modeled barrier
height, with slope (kBT )−1 (red line).
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Fig. 2. (A) Extension record of hairpin with a T:T mismatch 7 bp from the base of the stem (sequence at
right). Fit of extension histogram to two Gaussian peaks reveals a third Gaussian residual (fits in red, residual
in blue), indicating three states: unfolded (U), intermediate (I), and folded (F). (B) Blow-up of the extension
record shows rapid, ~5-nm fluctuations between F and I states. (C) Distance from F to U (black), F to I (red),
and I to U (blue) plotted versus the mismatch location. The intermediate state locationmoves in concert with
themismatch, in good agreement withmodel predictions (light-colored solid circles in gray, orange, purple),
which indicates that the intermediate state consists of a hairpin folded up to the mismatch.
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the extended final state of the RNA in the
pulling experiment. The superposition of the
refolding curves with and without Mg2! in-
dicates that Mg2! does not create barriers to
formation of secondary structure. In contrast,
the pronounced difference between RNA un-
folding with and without Mg2! reveals that
the rips are likely to result from the breaking
of Mg2!-dependent interactions with the sub-
sequent unzipping of secondary structure.
We used three complementary approaches to
assign each rip in the force/extension curves to
the unfolding of a specific RNA structure, do-
main, or subdomain. First, because the ribozyme
domains are stable independent of their tertiary
context (16), we could associate kinetic barriers
with regions of the molecule by pulling on
progressively larger pieces of L-21, ultimately
reconstructing the entire molecule. Second, we
assigned each rip found in the isolated L-21
domains to the unfolding of a particular subdo-
main by comparing the number of single-strand-
ed nucleotides released at each rip with the
known secondary structure (3). The number of
nucleotides between two barriers was obtained
from the increases in molecular extension at
each rip using the wormlike chain (WLC) mod-
el (17). Third, we mutated specific nucleotides
of the ribozyme and used antisense oligonu-
cleotides targeted to particular interactions to
confirm the assignments derived from the first
two methods.
We first characterized the P4-P6 domain
(Fig. 1A), whose high-resolution structure
has been determined (18, 19) and which in-
cludes the previously studied P5abc molecule
(1). P4-P6 is the first higher order structure
formed during assembly of the catalytically
active ribozyme, and its native tertiary struc-
ture is stabilized by several specifically
bound Mg2! ions (20, 21). P4-P6’s force/
extension curves are reversible in the absence
of Mg2!, but the unfolding curves display
rips in 10 mM Mg2! even at small loading
rates ("3 pN s#1), revealing several kinetic
barriers (Fig. 2A). The most prominent bar-
riers are labeled f, g, and h (3) (Fig. 2A; red,
black, and blue WLC curves, respectively).
Each barrier was assigned to a region as
described above. An antisense DNA oligonu-
cleotide was designed to hybridize with se-
quences involved in the tertiary contact pro-
posed to compose barrier f; incubating P4-P6
with $M concentrations of this oligonucleo-
tide eliminated rip f (Figs. 1A, I, and 2A,
inset), thus confirming the assignment of the
barrier. The barrier positions shown in Table
1 and Fig. 1A correlate with known sites of
tertiary interactions (18) and with protection
sites revealed by chemical reactivity studies
(22). Barrier f is located close to the base of
P6 and corresponds to a tetraloop-tetraloop
receptor contact between P5b and P6 (T3).
Barrier g at the beginning of the P5 stem
corresponds to the coordination of Mg2! ions
close to the tertiary contact between the A-
rich bulge and the P4 stem (T2). Barrier h at
the base of the P5abc helix corresponds to the
Mg2!-mediated intradomain tertiary contact
between the A-rich bulge and P5c (T1). The
rip assigned to P5abc unfolding has force and
length characteristics similar to those of
P5abc unfolded alone (1). The three barriers
were characterized as a function of Mg2!
concentration (fig. S5). Other more rarely
observed barriers were assigned next. Four
unfolding intermediates and four distinct un-
folding trajectories were detected at our ex-
perimental resolution and can be represented
in a mechanical unfolding map (Fig. 2B).
Incubation at low force (30 s at 2 pN) to
facilitate complete refolding of the RNA before
unfolding (3, 23) had no effect on the force/
extension curves, consistent with complete fold-
ing of P4-P6 in less than a second (24, 25).
Thus, the observed variation in unfolding trajec-
tory is likely because of the stochastic nature of
kinetic barrier rupture, rather than initial state
heterogeneity resulting from partially folded
molecules. Although not all the barriers are seen
in every pull, the subdomains and domains of
the molecule always unfold in the same order
(Fig. 2B).
Having characterized the barriers in the
P4-P6 domain, we applied similar approaches
to increasingly larger pieces of RNA. The
Fig. 2. (A) Force/extension
curves for the P4-P6 domain:
black, unfolding curve; pink,
refolding curve. The solid
lines are WLC curves for
double-stranded RNA ! DNA
handles and an increasing
number of RNA nucleotides
as the unfolding progresses.
The unfolding of the subdo-
mains releases 50 nt ( f, red,
P4-P6 helices), then 30 nt (g,
black, P5 helix), then 70 nt
(h, blue, P5abc three-helix
junction). The color code of
the WLC curves corresponds
to the motifs broken; it is
identical to the motif color
code in Fig. 1A. Inset, unfold-
ing curves of P4-P6 in the
presence of 10 $M antisense
DNA oligonucleotide I (Fig.
1A), preventing T3 and dis-
rupting barrier f . (B) Me-
chanical unfolding map of
the P4-P6 domain. Four dif-
ferent unfolding trajectories
were detected at our exper-
imental resolution. F, folded;
U, unfolded. I, intermediates:
I1, P6 unfolded; I2, P6-P4
unfolded; I3, P6-P4-P5 un-
folded; I4, P6-P4-P5-P5a un-
folded. Sample force/exten-
sion curves of the different
trajectories are shown in the bottom panel. Trajectory C is observed most frequently. P4-P6 colors are as in Fig. 1A. (C) Histogram of rips detected
in 732 unfolding curves of P4-P6: position (5-nt bin), mean force (pN), and frequency of the rips.
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FIG. 1: a. A schematic of folding landscape and kinetic partitionin . Secondary structure map and
folded states of Tetrahymena ribozyme are depicted on the top and bottom of the landscape carto n.
The P4-P6 domain is highlighted in the cyan box. b. Illustration of the setup of a laser optical tweezers
experiment for a RNA hairpin. The figure illustrates that the end-to-end distance (R) dynamics of
RNA hairpin is indirectly m nitored through the dynamics of distance betw en the two microbeads
(Rsys). c. Force extension curve of P4-P6 domain of Tetrahymena ribozyme. Order of unfolding of
the structural elements in the P4-P6 domain are extracted from the measured FECs as indicated.
d. Histogram f end-to end distance (extension) (P (R)) of a DNA hairpin (shown on the right) are
obtained directly from the time trace of Rsys(t). Figures in c, d are adapted from Ref. [16, 17]
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T-quenchF-quencha b
FIG. 2: a. (T ,f) phase diagram of P5GA hairpin using R (scale on the right) as an order parameter.
Blue is unfolded and dark red corresponds to the hairpin state. b. Demonstration that the folding
mechanisms of P5GA hairpin vary depending on the protocol used to initiate folding. On the left we
show the schematics of approach to the hairpin state using force-quench and the right shows the events
upon temperature-quench. The bottom graphs show decompositions of folding time (τFP ) under these
protocols two into times for looping (τloop) and zipping time (τzip). While the distributions of τzip are
similar for both conditions, the τloop upon f -quench is longer than under T -quench condition and is more
broadly distributed. The fraction of unfolded molecules at each condition (P fU (t) and P
T
U (t)) is plotted
in the inset. P fU (t) that is fit to P
f
U (t) = e
−(t−50µs)/138µs for t > 50µs shows a lag phase at 0 < t < 50 µs
suggesting that the state IfSL is an obligatory step for the refolding process under f -quench. In contrast,
P TU (t) is well fit using a sum of two exponential functions P
T
U (t) = 0.44× e−t/63µs + 0.56× e−t/104µs.
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FIG. 3: a. Time trace of end-to-end distance (R) of RNA hairpin at transition mid-force fm = 14.7
pN (left). The corresponding free energy profile in terms of R, F (R) (right). The positions of native,
unfolded, and transition states are marked with arrows. In addition, barrier height (∆F ‡) and the
curvature of unfolded state (kU ) are also shown on the F (R). b. Time trajectories of simulations
starting from the configurations of transition state ensemble (shown on the left). Trajectories reaching
the folded and unfolded state at 2.0 nm and 7.5 nm are colored in blue and red, respectively. In the
blue trajectories, a number of recrossing events can be observed. The figures are adapted from Ref.
[29, 30]
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ing an intermediate state (Fig. 2A). Such a shoul-
der was observed systematically in all records,
but associated only with the low-extension peak.
The existence of an intermediate state may also
be inferred from the rapid fluctuation of ~5-nm
amplitude recorded at low extensions (Fig. 2B).
Similar results were obtained by introducing an
A:A or a G:T mismatch, rather than T:T.
Repeating thesemeasurements for an entire family
of hairpins with mismatches located 4 to 16 base
pairs (bp) from the base of the stem (table S1), we
consistently observed the signature of an
intermediate state, whose distance from the folded
and unfolded states depended on the location of
the mismatch (Fig. 2C; table S2). When we
interpret the hairpin extension in terms of the
number of base pairs formed, the intermediate
states correspond to hairpins partially folded up to
the point of mismatch.
These results demonstrate the precision with
which certain features of the folding landscape
can be determined, but they define only a few key
points on the energy landscape. Notably, they don’t
address more general features of the landscape,
such as the widths and curvatures of the potential
wells or barriers, which are known to affect folding
(19). By further analyzing the folding trajectories,
however, the entire landscape along the reaction
coordinate can be reconstituted. The free energy
at a given extension, ΔG(x), is related to the
probability density, P(x), throughΔG(x) = –kBT
ln[P(x)] (20). Although conceptually straight-
forward, this method of determining ΔG(x) re-
quires accurate measurements of P(x) in the
region between the states, where the hairpin
spends little time (~100 to 300 ms, here). Hun-
dreds to thousands of transitions must therefore be
sampled at high bandwidth, necessitating excep-
tional instrumental stability. A second complica-
tion is that the measured extension represents that
of a hairpin attached to dsDNA handles and
beads, rather than an isolated hairpin. The thermal
and mechanical properties of the trapped dumb-
bell smooth and dampen the apparent motions of
the hairpin (13). The underlying energy landscape
may be recovered from P(x), however, by a de-
convolution process.
To reconstruct the full energy landscape,
we measured the folding trajectory of single
hairpins at F ≈ F1/2 at high bandwidth (50 kHz)
for 5 to 15 min and created a histogram of the
extension, P(x). Instrumental drift was typical-
ly ≤1 nm. The point spread function (PSF) for
the deconvolution, S(x), was estimated from
extension histograms of the folded state for a
hairpin with 100% stem G:C content and found
to be a Gaussian curve (fig. S2), whose width is
governed by the stiffness of the trapped dumbbell
(14). The energy landscape was then determined
by a constrained nonlinear iterative deconvo-
lution (21) of the extension histogram. An initial
guess for the potential,ΔG(0)(x), was constructed
by assuming parabolic potential wells located at
the histogram maxima, separated by a parabolic
barrier whose height and position were deter-
mined from the measured, force-dependent rates
(as in Fig. 1). The associated extension proba-
bility p(0)(x) was then convolved with the PSF
and compared with P(x). The difference was
subtracted from p(0)(x), constraining the proba-
bility to be between 0 and 1, and the process was
iterated (15). The solutions, p(n)(x), and asso-
ciated landscapes,ΔG(n)(x), are shown in Fig. 3,
along with the measured P(x),ΔG(x), and resid-
uals R(x) = P(x) – S(x)⊗ p(n)(x), for four different
hairpin sequences designed to explore a range of
barrier positions, heights, and possible inter-
mediate states. Shown in Fig. 3 are a 20-bp stem
with a TS located 18 bp from the base of the stem
(Fig. 3A), a 20-bp stem with TS located 6 bp
from the base of the stem (Fig. 3B), a 20-bp stem
with T:T mismatch located 7 bp from the end of
the stem (Fig. 3C), and an unpatterned stem
sequence of length 30 bp (Fig. 3D). In all four
cases, the deconvolution algorithm generated a
stable solution with acceptably small residuals.
The subtle differences seen in P(x) and
ΔG(x) were sharpened by the deconvolution
procedure into recognizably different landscapes
that reflected the underlying sequence and re-
capitulated the results in Figs. 1 and 2. In Fig.
3A, the barrier is located near the unfolded state,
whereas in Fig. 3B it is nearer the folded state.
The hairpin in Fig. 3C, which contains a mis-
match, shows a clearly-resolved intermediate state,
corresponding to partial folding up to the point of
mismatch. These measurements go beyond the
previous results, however, by revealing details of
the well and barrier shapes. For example, the en-
Extension (nm)Extension (nm)
Fr
ee
 e
ne
rg
y 
(kJ
/m
ol)
Pr
ob
ab
ilit
y Residual
Extension (nm)Extension (nm)
Fr
ee
 e
ne
rg
y 
(kJ
/m
ol)
Pr
ob
ab
ilit
y
Pr
ob
ab
ilit
y
Extension (nm)
Fr
ee
 e
ne
rg
y 
(kJ
/m
ol)
Extension (nm)
A
B
C
R
esidual 
R
esidual
D
R
esidual
Fr
ee
 e
ne
rg
y 
(kJ
/m
ol)
Pr
ob
ab
ilit
y
Extension (nm) Extension (nm)
0.4
0.3
0.2
0.1
0.0
5040302010
-0.01
0
0.01
0.3
0.2
0.1
0.0
3020100
-0.01
0
0.01
0.3
0.2
0.1
0.0
3020100
-0.01
0
0.01
30
20
10
0
5040302010
30
20
10
0
302010
30
20
10
0
3020100
0.3
0.2
0.1
0.0
3020100
-0.01
0
0.01 30
20
10
0
3020100
Fig. 3. Potential landscapes determined by deconvolution of the extension histograms based on thou-
sands of folding transitions. Experimental probability distributions and associated free-energy landscapes
(black) were deconvolved to remove the effects of blurring caused by thermal motions of beads attached
to the hairpin via elastic handles. Probability distributions (left column) and landscapes (right column)
recovered by Gaussian deconvolution (red) have small residual errors (green) and agree well with energy
landscapes predicted by the model (blue). (A) Hairpin with a transition state 18 bp from the base of the
stem. (B) Hairpin with a transition state 6 bp from the base of the stem. (C) Hairpin with a T:T mismatch 7
bp from the base of the stem. (D) Hairpin with an unpatterned, 30-bp stem sequence.
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A
ing an intermediate state (Fig. 2A). Such a shoul-
der was observed systematically in all records,
but associated only with the low-extension peak.
The existence of an intermediate state may also
be inferred from the rapid fluctuation of ~5-nm
amplitude recorded at low extensions (Fig. 2B).
Similar results were obtained by introducing an
A:A or a G:T mismatch, rather than T:T.
Repeating thesemeasurements for an entire family
of hairpins with mismatches located 4 to 16 base
pairs (bp) from the base of the stem (table S1), we
consistently observed the signature of an
intermediate tat , whose distance from the folded
and unfolded stat depended on the location of
th mismatch (Fig. 2C; table S2). When we
interpret the hairpin ext nsi n in terms of the
number of bas pairs formed, the i termediate
states correspond to hairpins partially folded up to
the point of mismatch.
These results demonstrate the precision with
which certain features of the folding landscape
can be determined, but they define only a few key
points on the energy landscape. Notably, they don’t
address more general features of the landscape,
such as the widths and curvatures of the potential
wells or barriers, which are known to affect folding
(19). By further analyzing the folding trajectories,
h wever, the entire l ndscape along the reaction
coordinate can be reconstituted. T free energy
at a given extension, ΔG(x), is related to the
probability density, P(x) throughΔG(x) = –kBT
ln[P(x)] (20). Although con eptually straight-
forward, this metho of determining ΔG(x) re-
quires accurate measurements of P(x) i the
region between the states, where the hairpin
spends little time (~100 to 300 ms, here). Hun-
dreds to thousands of transitions must therefore be
sampled at high bandwidth, necessitating excep-
tional instrumental stability. A second complica-
tion is that the measured extension represents that
of a hairpin attached to dsDNA handles and
beads, rather than an isolated hairpin. The thermal
and mechanical properties of the trapped dumb-
bell smooth and dampen the apparent motions of
the hairpin (13). The underlying energy landscape
may be recovered from P(x), however, by a de-
convolution process.
To reconstruct the full energy landscape,
we measured the folding trajectory of single
hairpins at F ≈ F1/2 at high bandwidth (50 kHz)
for 5 to 15 min and created a histogram of the
extension, P(x). Instrumental drift was typical-
ly ≤1 nm. The point spread function (PSF) for
the deconvolution, S(x), was estimated from
extension histograms of the folded state for a
hairpin with 100% stem G:C content and found
to be a Gaussian curve (fig. S2), whose width is
governed by the stiffness of the trapped dumbbell
(14). The energy landscape was then determined
by a constrained nonlinear iterative deconvo-
lution (21) of the extension histogram. An initial
guess for the potential,ΔG(0)(x), was constructed
by assuming parabolic potential wells located at
the histogram maxima, separated by a parabolic
barrier whose height and position were deter-
mined from the measured, force-dependent rates
(as in Fig. 1). The associated extension proba-
bility p(0)(x) was then convolved with the PSF
and compared with P(x). The difference was
subtracted from p(0)(x), constraining the proba-
bility to be between 0 and 1, and the process was
iterated (15). The solutions, p(n)(x), and asso-
ciated landscapes,ΔG(n)(x), are shown in Fig. 3,
along with the measured P(x),ΔG(x), and resid-
uals R(x) = P(x) – S(x)⊗ p(n)(x), for four different
hairpin sequences designed to explore a range of
barrier positions, heights, and possible inter-
mediate states. Shown in Fig. 3 are a 20-bp stem
with a TS located 18 bp from the base of the stem
(Fig. 3A), a 20-bp stem with TS located 6 bp
from the base of the stem (Fig. 3B), a 20-bp stem
with T:T mismatch located 7 bp from the end of
the stem (Fig. 3C), and an unpatterned stem
sequence of length 30 bp (Fig. 3D). In all four
cases, the deconvolution algorithm generated a
stable solution with acceptably small residuals.
The subtle differences seen in P(x) and
ΔG(x) were sharpened by the deconvolution
procedure into recognizably different landscapes
that reflected the underlying sequence and re-
capitulated the results in Figs. 1 and 2. In Fig.
3A, the barrier is located near the unfolded state,
whereas in Fig. 3B it is nearer the folded state.
The hairpin in Fig. 3C, which contains a mis-
match, shows a clearly-resolved intermediate state,
corresponding to partial folding up to the point of
mismatch. These measurements go beyond the
previous results, however, by revealing details of
the well and barrier shapes. For example, the en-
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Fig. 3. Potential landscapes determined by deconvolution of the extension histograms based on thou-
sands of folding transitions. Experimental probabili y distributions and associated free-energy landscapes
(black) were deconvolved to remove the effects of blurring caused by thermal motions of beads attached
to the hairpin via elastic handles. Probability distributions (left lumn) and landscapes (right column)
recovered by Gaussian deconvolution (red) have small residual errors (green) and agree well with energy
landscapes predicted by the model (blue). (A) Hairpin with a transition state 18 bp from the base of the
stem. (B) Hairpin with a transition state 6 bp from the base of the stem. (C) Hairpin with a T:T mismatch 7
bp from the base of the stem. (D) Hairpin with an unpatterned, 30-bp stem sequence.
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B
ing an intermediate state (Fig. 2A). Such a shoul-
der was observed systematically in all records,
but associated only with the low-extension peak.
The existence of an intermediate state may also
be inferred from the rapid fluctuation of ~5-nm
amplitude recorded at low extensions (Fig. 2B).
Similar results were obtained by introducing an
A:A or a G:T mismatch, rather than T:T.
Repeating thesemeasurements for an entire family
of hairpins with mismatches located 4 to 16 base
pairs (bp) from the base of the stem (table S1), we
consistently observed the signature of an
intermediate state, whose distance from the folded
and unfolded states depended on the location of
the mismatch (Fig. 2C; table S2). When we
interpr t t hai pin extension in terms of the
number of base pairs formed, the intermediate
states correspond to hairpins partially folded up to
the point of mismatch.
These results demonstrate the precision with
which certain features of the folding landscape
can be determined, but they define only a few key
points on the energy landscape. Notably, they don’t
address more general features of the landscape,
such as the widths and curvatures of the potential
wells or barriers, which are known to affect folding
(19). By further analyzing the folding trajectories,
however, the entire landscape along the reaction
coordinate can be reconstituted. The free energy
at a given extension, ΔG(x), is related to the
probability density, P(x), throughΔG(x) = –kBT
ln[P(x)] (20). Although conceptually straight-
forward, this method of d termining ΔG(x) re-
quires accurate easurements of P(x) in the
region between the states, where the hairpin
spends little time (~100 to 300 ms, here). Hun-
dreds to thousands of transitions must therefore be
sampled at high bandwidth, necessitating excep-
tional instrumental stability. A second complica-
tion is that the measured extension represents that
of a hairpin attached to dsDNA handles and
beads, rather than an isolated hairpin. The thermal
and mechanical properties of the trapped dumb-
bell smooth and dampen the apparent motions of
the hairpin (13). The underlying energy landscape
may be recovered from P(x), however, by a de-
convolution process.
To reconstruct the full energy landscape,
we measured the folding trajectory of single
hairpins at F ≈ F1/2 at high bandwidth (50 kHz)
for 5 to 15 min and created a histogram of the
extension, P(x). Instrumental drift was typical-
ly ≤1 nm. The point spread function (PSF) for
the deconvolution, S(x), was estimated from
extension histograms of the folded state for a
hairpin with 100% stem G:C content and found
to be a Gaussian curve (fig. S2), whose width is
governed by the stiffness of the trapped dumbbell
(14). The energy landscape was then determined
by a constrained nonlinear iterative deconvo-
lution (21) of the extension histogram. An initial
guess for the potential,ΔG(0)(x), was constructed
by assuming parabolic potential wells located at
the histogram maxima, separated by a parabolic
barrier whose height and position were deter-
mined from the measured, force-dependent rates
(as in Fig. 1). The associated extension proba-
bility p(0)(x) was then convolved with the PSF
and compared with P(x). The difference was
subtracted from p(0)(x), constraining the proba-
bility to be between 0 and 1, and the process was
iterated (15). The solutions, p(n)(x), and asso-
ciated landscapes,ΔG(n)(x), are shown in Fig. 3,
along with the measured P(x),ΔG(x), and resid-
uals R(x) = P(x) – S(x)⊗ p(n)(x), for four different
hairpin sequences designed to explore a range of
barrier positions, heights, and possible inter-
mediate states. Shown in Fig. 3 are a 20-bp stem
with a TS located 18 bp from the base of the stem
(Fig. 3A), a 20-bp stem with TS located 6 bp
from the base of the stem (Fig. 3B), a 20-bp stem
with T:T mismatch located 7 bp from the end of
the stem (Fig. 3C), and an unpatterned stem
sequence of length 30 bp (Fig. 3D). In all four
cases, the deconvolution algorithm generated a
stable solution with acceptably small residuals.
The subtle differences seen in P(x) and
ΔG(x) were sharpened by the deconvolution
procedure into recognizably different landscapes
that reflected the underlying sequence and re-
capitulated the results in Figs. 1 and 2. In Fig.
3A, the barrier is located near the unfolded state,
whereas in Fig. 3B it is nearer the folded state.
The hairpin in Fig. 3C, which contains a mis-
match, shows a clearly-resolved intermediate state,
corresponding to partial folding up to the point of
mismatch. These measurements go beyond the
previous results, however, by revealing details of
the well and barrier shapes. For example, the en-
Extension (nm)Extension (nm)
Fr
ee
 e
ne
rg
y 
(kJ
/m
ol)
Pr
ob
ab
ilit
y Residual
Extension (nm)Extension (nm)
Fr
ee
 e
ne
rg
y 
(kJ
/m
ol)
Pr
ob
ab
ilit
y
Pr
ob
ab
ilit
y
Extension (nm)
Fr
ee
 e
ne
rg
y 
(kJ
/m
ol)
Extension (nm)
A
B
C
R
esidual 
R
esidual
D
R
esidual
Fr
ee
 e
ne
rg
y 
(kJ
/m
ol)
Pr
ob
ab
ilit
y
Extension (nm) Extension (nm)
0.4
0.3
0.2
0.1
0.0
5040302010
-0.01
0
0.01
0.3
0.2
0.1
0.0
3020100
-0.01
0
0.01
0.3
0.2
0.1
0.0
3020100
-0.01
0
0.01
30
20
10
0
5040302010
30
20
10
302010
30
20
10
0
3020100
0.3
0.2
0.1
0.0
302010
-0.01
0
0.01 30
20
10
0
3020100
Fig. 3. Potential landscapes determined y deconvolution of the xtension histograms base on thou-
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to the hairpi via elastic handles. Probability distributions (left column) and landscapes (right column)
ecov red by Gaussian deconvolution (red) have small residual errors (green) and agree well with energy
landscapes predicted by the model (blue). (A) Hairpin with a transition state 18 bp from the base of the
st m. (B) Hairpin with tran ition state 6 bp from the base of the stem. (C) Hairpin with a T:T mismatch 7
bp from th base of th stem. (D) Hairpin with an unpatterned, 30-bp stem sequence.
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C
ing an intermediate state (Fig. 2A). Such a shoul-
der was observed systematically in all records,
but associated only with the low-extension peak.
The existence of an intermediate state may also
be inferred from the apid fluctuati n of ~5-nm
amplitude recorded at low extensions (Fig. 2B).
Similar results were obtain d by introducing an
A:A or a G:T mismatch, rather than T:T.
Repeating thesemeasurements for an entire family
of hairpins with mismatches located 4 to 16 base
pairs (bp) from the base of the stem (table S1), we
consistently observed the signature of an
intermediate state, whose distance from the folded
and unfolded states depended on the location of
the mismatch (Fig. 2C; table S2). When we
interpret the hairpin extension in terms of the
number of base pairs formed, the intermediate
states correspond to hairpins partially folded up to
the point of mismatch.
These results demonstrate the precision with
which certain features of the folding landscape
ca det rmin d, but they define only a few key
points on he energy landscape. Notably, they don’t
address more general features of the landscape,
such as the widths and curvatures of the potential
wells or barriers, which are known to affect folding
(19). By further analyzing the folding trajectories,
however, the entire landscape along the reaction
coordinate can be reconstituted. The free energy
at a given extension, ΔG(x), is related to the
probability density, P(x), throughΔG(x) = –kBT
ln[P(x)] (20). Although conceptually straight-
forward, this method of determining ΔG(x) re-
quires accurate measurements of P(x) in the
region between the states, where the hairpin
spends little time (~100 to 300 ms, here). Hun-
dreds to thousands of transitions must therefore be
sampled at high bandwidth, necessitating excep-
tional instrumental stability. A second complica-
tion is that the measured extension represents that
of a hairpin attached to dsDNA handles and
beads, rather than an isolated hairpin. The thermal
and mechanical properties of the trapped dumb-
bell smooth and dampen the apparent motions of
the hairpin (13). The underlying energy landscape
may be recovered from P(x), however, by a de-
convolution process.
To reconstruct the full energy landscape,
we measured the folding trajectory of single
hairpins at F ≈ F1/2 at high bandwidth (50 kHz)
for 5 to 15 min and created a histogram of the
extension, P(x). Instrumental drift was typical-
ly ≤1 nm. The point spread function (PSF) for
the deconvolution, S(x), was estimated from
extension histograms of the folded state for a
hairpin with 100% stem G:C content and found
to be a Gaussian curve (fig. S2), whose width is
governed by the stiffness of the trapped dumbbell
(14). The energy landscape was then determined
by a constrained nonlinear iterative deconvo-
lution (21) of the extension histogram. An initial
guess for the potential,ΔG(0)(x), was constructed
by assuming parabolic potential wells located at
the histogram maxima, separated by a parabolic
barrier whose height and position were deter-
mined from the measured, force-dependent rates
(as in Fig. 1). The associated extension proba-
bility p(0)(x) was then convolved with the PSF
and compared with P(x). The difference was
subtracted from p(0)(x), constraining the proba-
bility to be between 0 and 1, and the process was
iterated (15). The solutions, p(n)(x), and asso-
ciated landscapes,ΔG(n)(x), are shown in Fig. 3,
along with the measured P(x),ΔG(x), and resid-
uals R(x) = P(x) – S(x)⊗ p(n)(x), for four different
hairpin sequences designed to explore a range of
barrier positions, heights, and possible inter-
mediate states. Shown in Fig. 3 are a 20-bp stem
with a TS located 18 bp from the base of the ste
(Fig. 3A), a 20-bp stem with TS located 6 bp
from the base of the stem (Fig. 3B), a 20-bp ste
with T:T mismatch located 7 bp from the end of
the stem (Fig. 3C), and an unpatterned stem
sequence of length 30 bp (Fig. 3D). In all four
cases, the deconvolution algorithm generated a
stable solution with acceptably small residuals.
The subtle differences seen in P(x) and
ΔG(x) were sharpened by the deconvolution
procedure into recognizably different landscapes
that reflected the underlying sequence and re-
capitulated the results in Figs. 1 and 2. In Fig.
3A, t e barrier is located near the u folded state,
whereas in Fig. 3B it is nearer the folded state.
The hairpi in Fig. 3C, which contains a mis-
atch, s ows a clearly-resolved intermediate stat ,
corresponding to partial folding up to the point of
mismatch. These measurements go beyond the
previous results, however, by revealing details of
the well and barrier shapes. For example, the en-
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Fig. 3. Potential landscapes determined by deconvolution of the ex ensio histograms ased on thou-
sands of folding transitio s. Ex riment l probability distributions and associated fre -energy landscapes
(black) w r deconvolved remov the effects of blur ing caus d by thermal motions of beads attached
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recovered by Gauss an deconvolution (red) have small re idual errors (green) and agree well with energy
landscapes predicted by th model (blue). (A) H irpi wi h a transition state 18 bp from the base of the
stem. (B) Hairpin with a transition state 6 bp from the base of the stem. (C) Hairpin with a T:T mismatch 7
bp from the base of the stem. (D) Hairpin with an unpatterned, 30-bp stem sequence.
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nucleic acid construct to the surface and bead, with a total
length of 428 bp. This results in a tighter coupling between
the structure being studied and the bead, and less uncertainty
in the measurement of the system conformation. This is ex-
pected to result in higher resolution in the determination of
the energy landscape, compared with measurements made
with longer handles. Ultimately the choice of handle length
will have to take into account other effects, such as the
increase in viscous drag that occurs when a bead closely
approaches a fixed surface or another bead, or interactions
between the bead and the structure being studied. Recently,
optical trapping experiments have made use of handles as
short as 29 bp offering the possibility that even higher reso-
lution could be achieved (27,28).
MATERIALS AND METHODS
Sample preparation
Two double-stranded DNA handles were generated from PCR using biotin
and digoxigenin labeled primers (Invitrogen, Gaithersburg, MD) for attach-
ment to the surface and bead, respectively. Handles were digested with
BstXI or BtgI (New England Biolabs, Ipswich, MA) and gel extracted,
with final lengths of 234 bp and 194 bp, e cluding the 4 bp overhang result-
ing from the digestion.
Two different hairpins were synthes zed (Invitrogen) wi h a fl nking
sequence of TTTT on each e d for proved ligation ffi ie cy, and 4
base overhangs of cgtg and cgat corresponding to the BtgI and BstXI
enzymes, respectively. Wewill refer to the hairpins as Short (cgtgttttgagtcaa
cgtctggatcctgttttcag gatccagacgttgactcttttcgat) and Long (cgtgttttccgcgcatc
tgagtcgaggcagtagccgtcgtctgcga ttttttttcgcagacgacggctactgcctcgactcagatgcg
cggttttcgat). (The short hairpin was previously studied in (17)). The handles
were ligated to the hairpins, gel extracted, and diluted to ~50 pM in popping
buffer (50 mM sodium phosphate buffer pH 7.0, 50 mM NaCl, 10 mM
EDTA, and 0.02% Tween 20).
The sample chamber coverslips were scrubbed with Windex, rinsed, and
dried. Polyclonal anti-digoxigenin (RocheMolecular Biochemicals, Indian-
apolis, IN) was diluted to 20 mg/ml in phosphate buffered saline and incu-
bated in the chamber for 20 min. To prevent bead and DNA interactions
with the slide, a blotting buffer was incubated in the slide for 3 cycles of
20 min each, containing 1 mg/ml blotting-grade blocker (Bio-Rad,
Hercules, CA) in popping buffer. The ligated hairpin constructs were
then incubated in the sample chamber for 45 min for attachment of the
DNA dig label to the anti-digoxigenin on the surface. Carboxyl micro-
spheres (Bangs Laboratories, Fishers, IN) with radius 410 nm were strepta-
vidin coated, diluted to 0.1 g/ml in popping buffer, and incubated for 20 min
for attachment to the biotin labels on the DNA. A final flow through left the
sample in popping buffer and oxygen-scavenging solution (721 mg/ml
glucose oxidase (Sigma, St. Louis, MO), 144 mg/ml catalase (Sigma),
and 3.9 mg/ml glucose) (29). We found that the oxygen-scavenger was
essential for working at the high laser powers used.
I strumentation
Data were c llecte on a single-beam optical trap using the experimental
co figuration shown in the Fig. 3 inset. A 1064 nm laser (BL-106C,
Spectra-Physics, Santa Cl r , CA) was couple to a single-mode,
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FIGURE 3 Harmonic constraint applied to
a single long DNA hairpin. The trap p sition was
moved for 3 scans of duration 2 s. (a) Opening
distance for the first scan divided into six intervals.
Ins t hows the experiment l configuration, with
f rce applied in the vertical direction. Double-
str nded DNA handles w th total length 428 bp
were used to att ch the hairpin between the surface
a d the trapped bead using digoxigenin and biotin
labels, respectively. (b) Probability distribution
with 1 nm bins for the six intervals of the scan
shown in . (c) Change i energy/nm shown for
two of the intervals (blue and yellow) along with
the combined result for the six intervals shown in
(red). (d) Change in energy/nm for the combined
result of the 3 cans (r d) compared to the predic-
tions of the convolved model (black). (e) The model
aft r accounting for single-st anded elasticity
(gray), the convolved model (black), and experi-
mental results (r d). (f) The same data shown in e,
except plotte at F1/2.
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nucleic acid construct to the surface and bead, with a total
length of 428 bp. This results in a tighter coupling between
the structure being studied and the bead, and less uncertainty
in the measurement of the system conformation. This is ex-
pected to result in higher resolution in the determination of
the energy landscape, compared with measurements made
with longer handles. Ultimately the choice of handle length
will have to take into account other effects, such as the
increase in viscous drag that occurs when a bead closely
approaches a fixed surface or another bead, or interactions
between the bead and the structure being studied. Recently,
optical trapping experiments have made use of handles as
short as 29 bp offering the possibility that even higher reso-
lution could be achieved (27,28).
MATERIALS AND METHODS
Sample preparation
Two double-stranded DNA handles were generated from PCR using biotin
and digoxigenin labeled primers (Invitrogen, Gaithersburg, MD) for attach-
ment to the surface and bead, respectively. Handles were digested with
BstXI or BtgI (New England Biolabs, Ipswich, MA) and gel extracted,
with final lengths of 234 bp and 194 bp, excluding the 4 bp overhang result-
ing from the digestion.
Two different hairpins were synthesized (Invitrogen) with a flanking
sequence of TTTT on each end for improved ligation efficiency, and 4
base overhangs of cgtg and cgat corresponding to the BtgI and BstXI
enzymes, respectively. Wewill refer to the hairpins as Short (cgtgttttgagtcaa
cgtctggatcctgttttcag gatccagacgttgactcttttcgat) and Long (cgtgttttccgcgcatc
tgagtcgaggcagtagccgtcgtctgcga ttttttttcgcagacgacggctactgcctcgactcagatgcg
cggttttcgat). (The short hairpin was previously studied in (17)). The handles
were ligated to the hairpins, gel extracted, and diluted to ~50 pM in popping
buffer (50 mM sodium phosphate buffer pH 7.0, 50 mM NaCl, 10 mM
EDTA, and 0.02% Tween 20).
The sample chamber coverslips were scrubbed with Windex, rinsed, and
dried. Polyclonal anti-digoxigenin (RocheMolecular Biochemicals, Indian-
apolis, IN) was diluted to 20 mg/ml in phosphate buffered saline and incu-
bated in the chamber for 20 min. To prevent bead and DNA interactions
with the slide, a blotting buffer was incubated in the slide for 3 cycles of
20 min each, containing 1 mg/ml blotting-grade blocker (Bio-Rad,
Hercules, CA) in popping buffer. The ligated hairpin constructs were
then incubated in the sample chamber for 45 min for attachment of the
DNA dig label to the anti-digoxigenin on the surface. Carboxyl micro-
spheres (Bangs Laboratories, Fishers, IN) with radius 410 nm were strepta-
vidin coated, diluted to 0.1 g/ml in popping buffer, and incubated for 20 min
for attachment to the biotin labels on the DNA. A final flow through left the
sample in popping buffer and oxygen-scavenging solution (721 mg/ml
glucose oxidase (Sigma, St. Louis, MO), 144 mg/ml catalase (Sigma),
and 3.9 mg/ml glucose) (29). We found that the oxygen-scavenger was
essential for working at the high laser powers used.
Instrumentation
Data were collected o a single-beam optical trap using the experimental
configuration shown in the Fig. 3 a inset. A 1064 nm laser (BL-106C,
Spectra-Physics, Santa Clara, CA) was oupled to a single-mode,
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FIGURE 3 Harmonic constraint applied to
a single long DNA hairpin. The trap position was
moved for 3 scans of duration 2 s. (a) Opening
distance for the first scan divided into six intervals.
Inset shows the experimental configuration, with
force applied in the vertical direction. Double-
stranded DNA handles with total length 428 bp
were used to attach the hairpin between the surface
and the trapped bead using digoxigenin and biotin
label , r spect vely. (b) Probability distribution
with 1 nm bins for the six intervals of the scan
shown in a. (c) C ange in energy/nm shown for
two of the intervals (blue and yellow) along with
the combined result fo the ix intervals shown in
(red). (d) Change in energy/nm for the combined
result f he 3 scans (red) compared to the predic-
tions of the convolved model (black). (e) The model
after accounting for single-stranded elasticity
(gray), the convolved model (black), and experi-
mental results red). (f) The sa e data shown in e,
except plotted at F1/2.
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FIG. 4: a. End-to-end distance dyna ics of DNA hairpin under gradually increasing harmonic
constraint. Gradual change of R-dynamics are depicted in the folding trajectory trajectory. Free
energy profile rec nstructed by using the harmonic constraining method (umbrella sampling) at the
transition mid-force is shown on the right. b. Tensegrity parameters calculated for four DNA hairpins
with different sequences in R f.[17] is related to Punfold. The DNA hairpin with sequence B is predicted
to have Punfold most proximal to 0.5, which suggests that the free energy profile calculated in terms of
end-to-end distance coordinate most accurately describe the dynamics of this DNA hairpin. The figure
is adapted using Ref.[17, 45]
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FIG. 5: a. Schematic of a riboswitch, which is in the 5’ untranslated region (5’UTR) in mRNA. The add
adenine riboswitch (blow up of the 5’UTR given below) contains an aptamer domain, which can bind
the metabolite, adenine, and a downstream expression platform, which contains the Shine-Dalgarno
sequence (SD). When adenine is bound to the aptamer domain, the SD binds to the ribosomal unit
for translation initiation denoted by ON. When the riboswitch does not bind adenine, the SD forms
a hairpin with the downstream expression platform (denoted by OFF), which prevents the ribosomal
unit from recognizing the SD, thus resulting in translation being inhibited. b. Tertiary structure of
the aptamer domain of the add A-riboswitch with adenine (shown in orange) bound. The aptamer
form a three-way junction comprised of helix P1 and hairpins P2 and P3. Adenine binding stabilizes
the tertiary loop-loop interactions between P2 and P3.
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Dashed lines indicate dis-
tinct states; the A-comp
state is rarely populated.
) Refolding tra-
jectory and histograms in
the absence of adenine.
P2 and P3 folding occur
as with adenine, but the
A-comp state is highly
populated at low force,
whereas the folded state
is very unstable, even at
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FIG. 6: a. Free energy profile extracted and reconstructed from LOT experiments for pbuE A-
riboswitch with and without adenine being bound at f = 6.5 pN [17]. The structural elements (see
Fig. 5b) that are intact in each state are indicated. b. Folding landscape for add A-riboswitch aptamer
as a function of extension R at f = 10 pN without and with adenine. The ensemble of structures in
the intermediate states are shown. c. The logarithm of the transition rates, log(k = 1/τ¯), between
the distinct states calculated using the theory of mean first passage times (Eq.1, shown in lines), and
directly from the time traces of the extension of a coarse-grained model of the aptamer generated using
Brownian dynamics simulations (shown as points).
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